A number of human and canine hepatocellular carcinoma tissues showed clear signs of hypoxia indicated by HIF1a-activation and the presence of large clusters of cells resembling erythrocytes at different stages of nuclear elimination without any defined endothelial cell lining or blood vessel walls. Differentiated erythrocytic identity of such cells in hepatocellular carcinoma tissues was apparent from their non-nucleated and evolving basophilic to eosinophilic staining characteristics. In addition to the fully differentiated non-nucleated mesenchymal cell clusters, the onset of erythroblastic transdifferentiation was apparent from the activation of Glycophorin A, a marker of erythrocytic progenitors, in some epithelial cancer cells. Activation of canonical Wnt signalling in such tumours was apparent from the expression of Wnt2 ligand and active b-catenin translocation into the nucleus indicating Wnt signalling to be one of the key signalling pathways participating in such cell transdifferentiation. Sonic hedgehog and bone morphogenetic protein signalling along with Sulf1/Sulf2 activation was also observed in such hepatocellular carcinoma tissue samples. The presence of stem cell markers and the cell signalling pathways associated with erythropoiesis, and the detection of messenger RNAs for both a and b haemoglobins, support the assumption that hepatocellular carcinoma cells have the potential to undergo cell fate change despite this process being dysregulated as indicated by the lack of simultaneous generation of endothelial cell lining. Lack of blood vessel walls or endothelial cell lining around erythrocytic clusters was confirmed by non-detection of multiple blood vessel markers such as vWF, CD146 and smooth muscle a-actin that were clearly apparent in normal and unaffected adjacent regions of hepatocellular carcinoma livers. In addition to the activation of Glycophorin A, transdifferentiation of some hepatocellular carcinoma hepatocytes into other cell fates was further confirmed by the activation of some stem cell markers, for example, NANOG and OCT4 transcription factors, not only by reverse transcription polymerase chain reaction but also by their restricted expression in such cells at protein level.
Introduction
Hepatocellular carcinoma (HCC), a leading cause of death worldwide, 1,2 is characterised by abnormal cell proliferation requiring adequate supply of oxygen and nutrients delivered through the blood supply, placing an unsustainable burden on patient metabolism. loss of regulation in cancer cell proliferation leads to excessive bioenergetic and biosynthetic requirements. [4] [5] [6] [7] [8] Therefore, it is not surprising that more than half of cancer patients suffer from cachexia, and nearly 30% of cancer deaths are a result of anaemia/cachexia rather than a direct result of tumour growth. Growing tumours face major metabolic challenges when nutrient and oxygen requirements outpace the limited supply via the normal vascular network. This could trigger the stimulation of angiogenesis and/or haemopoiesis to meet the metabolic demands of increased tumour growth. The generation of angiogenic and haemopoietic progenitors in an ordered fashion is a highly regulated growth process in the early embryo and during the revascularisation of the normal injured regenerating tissues. 9 Unlike the normally developing and regenerating tissues, revascularisation of many rapidly growing tumours, however, is dysregulated and thus markedly erratic as vascularisation does not match the rate and pattern of tumour growth that we found particularly pronounced in the HCC tissue samples. The cell signalling pathways regulating such cell type generation or growth play a critical role but are highly dysregulated in many tumours including HCC. 10, 11 This together with unsustainable tumour size and insufficient blood supply may drive erythrocytic generation without the generation of endothelial cell lining or lack of pericyte/smooth muscle cell recruitment essential for blood circulation.
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supply from both the bone marrow and/or spleen, however, is dependent on the establishment of blood vessel channels that are also essential for transport to and from the lungs. The lack of well-developed, or even poorly developed, endothelial lined channels surrounding blood clusters, in a number of tumour tissues, Figure 1 . H&E-stained paraffin sections of normal human liver and hepatocellular carcinoma tissues at different stages of disease: (a) normal (liver sample from a 66-year-old male), (b) HCCI (liver sample from a 42-year-old male), (c) HCCII (liver sample from a 43-year-old male), (d) HCCII (liver sample from a 62-year-old male), (e) and (e1) HCCIII (liver sample from a 63-year-old male), (f) HCCIII (liver sample from a 38-year-old male) and (g) HCCIII (liver sample from a 55-year-old male). Symbol # indicates areas showing the presence of a large proportion of non-nucleated cells or death of such cells (##). Areas labelled with symbol # in (d), (e), (e1), (f) and (g) clearly indicate gradual loss of nuclei as is apparent from the elimination and shrinking nuclear morphology. The arrangement of these cells without any clear borders also excludes the possibility of these cells resulting from bleeding or through extramedullary haemopoiesis. Scale bar = 100 mM.
prompted us to hypothesise that such blood cell clusters that were very common in canine HCC samples did not arrive from the bone marrow or the spleen, but were a result of in situ cancer stem cell fate change triggered by dysregulated growth associated ischaemia. 13 The generation of erythrocytic clusters in such HCC regions was further confirmed by activation of additional known stem cell markers such as NANOG and OCT4 with Glycophorin A in the same cell.
This study thus demonstrates the presence of a large number of blood cell clusters without any blood vessel walls that ultimately undergo apoptosis, resulting from a change in the hepatocytic cell fate. This was confirmed not only by the in situ activation of, for example, OCT4 and Glycophorin A but also by detection of haemoglobin synthesis, the levels of which can be further modulated by changes in Sulf1/Sulf2 and multiple cell signalling pathways. The lack of blood vessels around such erythrocytic cell clusters that leads to premature apoptosis without benefitting any tissue highlights further metabolic stress in such tumours.
Materials and methods

Tissue histology and immunocytochemistry
All canine (50 samples) and feline (10 samples) tumour tissue sections of formalin-fixed tissues in the age range of 8-11 years and their clinical history were provided by the RVC diagnostic laboratory following an RVC ethical approval. All human HCC tissue arrays (87 samples) were purchased through US Biomax. Unlike the human tissue arrays, a large majority of the animal tissue samples were large biopsies often exceeding 2.5 cm in length and width. Some tissue samples also included two to three biopsies from different regions of the same liver. All such biopsies included both tumour and small proportions of unaffected cells in the distant regions of the same biopsy. Tissue sections for morphological observations were stained with a standard haematoxylin and eosin stain. Double immunofluorescent procedure as described previously 14 was used to evaluate the cellular phenotypes of normal and 15 HCC tissues. to 488 (green) fluorochrome or 594 (red) fluorochrome as previously described. 14 Immunoperoxidase staining was used to detect the expression pattern of active-bcatenin (Millipore) antibody using 1/100 dilution as previously described. (c1) and (c2) = patient 4, (d1) and (d2) = patient 7) stained with antibody to HIF1a by immunofluorescence. Samples (e) (patient 4) and (f) (patient 7) are stained for EPOR by immunofluorescence. Scale bar = 100 mM.
Reverse transcription polymerase chain reaction
All 50 canine and feline tumour tissues and normal or unaffected liver samples for reverse transcription polymerase chain reaction (RT PCR) analysis were supplied by the RVC bio-bank following owner informed consent and RVC ethical approval. All these tissue samples were used to prepare total RNA using Trizol to generate complementary DNA (cDNA) with reverse transcriptase as described previously. 17, 18 Only 10 HCC tumour biopsies for which we also had detailed immunocytochemical analysis were selected for further RT PCR analysis. The polymerase chain reaction (PCR) of such samples was carried out using canine/feline primers listed in Table 1 . PCR fragments following 40 amplification cycles were photographed following separation in 2% agarose gels.
Results
The presence of erythrocyte-like cell clusters in HCC
The normal liver is composed of single-layered hepatocyte cords separated by sinusoids (Figure 1(a) ). This highly organised structure is disrupted in HCC-afflicted livers (Figure 1(b) -(g)) as shown in the H&E-stained human liver sections. These human HCC livers show not only the histopathological changes characterising HCC but also additional changes highlighting the presence of non-nucleated erythrocyte-like cells without any endothelial cell lining or blood vessel walls. Such nonnucleated erythrocyte-like clusters highlighted by symbol # also show the presence of a number of cells with reduced nuclear stain, indicating the gradual in situ generation of non-nucleated cells from nucleated basophilic cells rather than recruitment from the bone marrow. The non-nucleated eosinophilic clusters of cells (indicated by #) were often surrounded by basophilic cells (Figure 1(e) ). Non-nucleated cell clusters often eventually led to necrosis (indicated by # #) and thinning out of solid tumour in some places (Figure 1(c) ). Loss of nuclei and localised apoptosis was also apparent in some human HCC samples detected by antibody staining of active caspase 3 ( Figure 2 ). Immunofluorescent staining with most antibodies also highlighted high levels of erythrocytic autofluorescence at earlier stages that was reduced during later necrotic stages.
The abundance of non-nucleated cells among HCC cells was further investigated by H&E staining ( Figure  3(a1)-(e1) ) of some canine and feline HCC livers and all further work was restricted to canine and/or feline tissue samples as we also had some matching fresh tissue samples for RT PCR. The presence of nonnucleated irregular erythrocyte-like clusters (highlighted with symbol #) without any endothelial cell lining appeared even more apparent in many canine and Figure 6 . The expression of Glycophorin A, an erythroblast marker and cytokeratin 18 associated with HCC tumours is undetectable in normal and unaffected adjacent regions of canine liver ((a1), (b1) and (c1)) while both Glycophorin A ((b1) and (c1)) and cytokeratin 18 ((b2) and (c2)) at variable levels were detected in the same cells ((b3) and (c3)) in a large proportion of the HCC tumours undergoing transdifferentiation (detected by double immunofluorescence procedure). Scale bar = 100 mM. some feline HCC livers. This differed from the erythrocytes present in normal blood vessels (*) bounded by endothelial cell lining (indicated by the arrows in Figure 3(a1) ). A TUNEL (terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labelling) assay, which detects DNA fragmentation with TUNEL, detected the presence of a number of cells undergoing apoptosis and cell death leading to complete loss of large clusters of cells in such HCC canine liver samples (Figure 3(b1) , (b2) and (g)).
Evidence of ischaemia in HCC tissues
Since several regions of apoptosis/necrosis, often associated with non-nucleated erythrocyte-like clusters, were observed in some human and many canine HCC livers, we examined if such changes resulted from ischaemia due to sinusoidal occlusion. This was checked by antibody staining for hypoxia-inducible factor 1-alpha (HIF1a) that is considered to be a master transcriptional regulator of cellular hypoxia. Unlike the normal liver (not shown), many HCC liver samples showed variable levels of HIF1a in localised regions. Further staining of such tissues also showed the presence of the erythropoietin receptor (EpoR) protein (Figure 4 ) known to be expressed only transiently, in localised regions of HCC but not the normal liver.
Presence of multiple erythrocytic markers in HCC liver cells without blood vessel markers
The HCC and normal liver tissue sections were also stained with an antibody to Glycophorin A (an erythroid-lineage-specific membrane sialoglycoprotein) to determine if hypoxia or ischaemia induces in situ generation of erythroid cells in such tissues as indicated by the presence of many non-nucleated cells. Glycophorin A is an erythrocytic membrane protein expressed at all stages of erythroid differentiation that includes both nucleated and non-nucleated stages of differentiation. This study detected localised presence of Gycophorin A only in certain regions of nucleated HCC liver cells ( Figure 5 ). The transdifferentiation of HCC hepatocytes into erythrocytes was further indicated by the co-expression of Glycophorin A, an erythroid marker, and cytokeratin 18, a hepatocytic marker, that is also described as an epithelial cancer stem cell marker, in a subset of cells resembling hepatocytic cords in a number of HCC patient samples ( Figure 6 ).
The HCC hypoxia was further confirmed by RT PCR analysis of HIF1a and EpoR messenger RNAs (mRNAs) in such samples as was the presence of a number of erythrocytic mRNAs detected by RT PCR in eight canine (1) (2) (3) (4) (5) (6) (7) (8) and two feline (9 and 10) HCC liver samples ( Figure 7 ). Erythrocytic markers analysed by RT PCR in this study included Glycophorin-A, a-globin and b/d-globin. Such HCC liver sample analysis also showed the presence of NANOG and OCT4 stem cell markers indicating their potential to transdifferentiate into other cell types such as erythrocytes. Also detected in these samples was the mRNA for BAX and bcl-2, pro-apoptotic and anti-apoptotic markers.
The presence in normal liver but absence of blood vessels around erythrocytic clusters in HCC samples was confirmed by staining for vWF, 15 an endothelial cell marker and for smooth muscle a-actin, a smooth muscle cell marker and another blood vessel marker called CD146 (Figure 8 ). These antibodies stained blood vessel lining in normal and unaffected adjacent regions but not around such cell clusters in HCC tissues although remnants of some endothelial cell lining (indicated by shrunken irregular cell shapes and small fragments of membranous component) could be detected in some regions. -actin) . The presence of blood vessels/sinusoids in an unaffected normal canine liver (g) compared with non-detection of any blood vessels in HCC canine patient 2 (h) is also apparent from the staining for CD146 antigen regarded as an essential component of blood vessels as it stains endothelial cells. Scale bar = 100 mM.
Activation of multiple cell signalling pathways in HCC liver tissues
Since Wnt signalling is known to promote erythroid differentiation, we first examined the expression of usually undetectable in the normal adult liver. 17, 18 The activation of SHH signalling was also confirmed by the activation of ptch1 and Gli mRNA using RT PCR analysis. BMP signalling was also apparent from the detection of its Smad1,5,8 downstream targets detected by immunocytochemistry (Figure 10(d) and (e)) as well as by the detection of BMPR2 mRNA (Figure 10 ). Also detected in these HCC tissue samples was the presence of vascular endothelial growth factor (VEGF) ligand and PDGFR-B receptor mRNA (Figure 11 ) thus showing the activation of multiple cell signalling pathways.
Activation of stem cell markers in HCC regions undergoing transdifferentiation
To further confirm cancerous hepatocytic transdifferentiation into erythrocytes and to ascertain the activation of stem cell markers indicated by RT PCR analysis of canine HCC samples, this study was further extended by immunocytochemical analysis of OCT4, NANOG and CD146. CD146 normally associated with blood vessels has also been reported to be a stem cell marker in some cancer tissues. NANOG and OCT4 (Octamerbinding transcription factor 4) are known to be key regulators of embryonic stem cell self-renewal and pluripotency with a potential to re-activation in cancer. CD146 expression is generally restricted to blood vessels in normal liver (Figure 8(g) and 12(a2) ), but its expression was observed in certain regions of hepatocyte-like cancer cells (Figure 12(b)-(d) ). While OCT4 and NANOG expression could easily be identified in embryonic tissues (Figure 12 (e) and (f)), these transcription factors were undetectable in normal unaffected liver (Figure 12(g) and (h) ). The expression of NANOG using this antibody was generally low in the HCC samples tested (Figure 12(i) ), but the nuclear expression of OCT4 was clearly apparent in a number of cells in the areas adjacent to erythrocytic clusters (Figure 12(j)-(l) ). The proportion of cells expressing OCT4 in such samples showed marked regional differences that ranged from 0% to moderate levels of 5%-18% but exceeding 95% in some other areas ( Figures  12 and 13) . The level of OCT4 expression in individual cells was also variable ranging from barely detectable levels to high level of expression (Figures 12 and 13) . Level of OCT4 expression did not only vary in the nucleus but was also observed in the cytoplasm in some regions as this transcription factor is known to shuttle between nucleus and cytoplasm. 19 Double immunofluorescence procedure confirmed close correlation of OCT4 and Glycophorin A expression in the same cell undergoing hepatocytic to erythrocytic transdifferentiation ( Figure 13 ) although the levels of both these markers varied during different stages of such change.
Discussion
HCC, like many other cancers, undergoes marked histopathological changes disrupting normal cell function. However, it was unusual to see large clusters of erythrocytes without any endothelial cell lining or blood vessel walls in a number of HCC tumour tissues. While the number of such erythrocytic clusters was small in human tumours, such cells were much more abundant and apparent in many canine HCC cancers. The erythrocytic identity of such cells could easily be ascertained by the absence of nuclei using both general histological stains and morphological changes observed by DAPI (4#,6-diamidino-2-phenylindole)-stained nuclei. Indeed, the presence of large pools of blood containing differentiated erythrocytes was even apparent by red haemoglobin in a number of unstained HCC tumour sections. The generation of such cells could be triggered by tissue hypoxia, 20 a pathophysiologic property of many cancers that is indicated by the activation of HIF1a transcription factor in certain regions of most HCC tissues. Ischaemia is further highlighted by the detection of EpoR in a number of HCC tissues though not all since erythropoietin (Epo), a key haemopoietic cytokine, induced by hypoxia is expressed only transiently but controls erythropoiesis and protects cells from hypoxic damage. 21 Primary role of Epo signalling is thus to promote proliferation of erythroid progenitor cells and rescue erythroid progenitors from cell death.
Many tissues and particularly liver also have the capacity to generate blood cells outside the bone marrow not only during normal development but also during chronic anaemia or stress 22 as is a feature of many cancer tissues. Erythrocytic cells in these HCC tumours, however, clearly did not arise by extramedullary haemopoiesis (EH), a process that sometimes is triggered by stress as a compensatory mechanism. EH requires blood circulation and thus the presence of blood vessels. The presence of non-nucleated erythrocyte-like cell clusters at different stages of differentiation without any evidence of surrounding blood vessels or endothelial cell lining thus raises the question of the origin of such cells. The alternative explanation therefore is the transdifferentiation of hepatocytic cancer/stem cells into erythrocytes as indicated by the appearance of Glycophorin A in epithelial cells resembling hepatocytic cords before adopting mesenchymal state. This conclusion was further supported by evidence of localised hypoxia, its downstream targets and activation of a number of cell signalling pathways associated with The expression of CD146, NANOG and OCT4 proteins was analysed by antibody staining to determine if HCC livers undergoing transdifferentiation were activating some stem cell markers. CD146 expression in two regions of unaffected control liver (a1) and (a2) and HCC livers (b-d) from patients 3, 2 and 1 was analysed using immunofluorescence. The activity of antibodies to OCT4 and NANOG was ascertained by their staining of normal CS18 human embryonic tissue (e and f) that showed no staining of normal or adjacent canine liver (g and h). Double immunofluorescence staining of patient 3 liver shows much higher expression of OCT4 in a selected sub-set of cells when compared with NANOG expression (g). OCT4 was always detectable near regions showing different developmental stages of erythrocytic cluster formation (i-l) in such livers. Scale bar = 100 mM. erythropoiesis as well as by co-expression of cytokeratin 18 and Glycophorin A in the same cell.
Most cancer tissues show the existence of stem cell subpopulations that keep the cancer growth going and often persist following drug treatment. Activation of stem cell-like characteristics enables such cells to change cell fate as and if required under hypoxia and associated stress. The presence of stem cell-like cells in the current analysis of canine HCC tumours was apparent from the detection of NANOG and OCT4 transcription factors that regulate self-renewal and pluripotency. 23 Such stem cells therefore have the potential to undergo erythropoiesis and/or angiogenesis. Erythropoiesis is triggered by hypoxia that these tissues clearly experience and induce erythropoietin activation as revealed by the detection of EpoR. The activation of erythrocytic markers in most canine HCC tumours was apparent using immunocytochemical (Glycophorin A) and RT PCR analyses of mRNAs for a and b/d haemoglobins. The activation of erythropoietin has also been proposed to exert antiapoptotic effect on haemopoietic cells similar to bcl-2 that was also detected in such HCC samples. The activation of NANOG and particularly OCT4 in a number of cells in areas adjacent to erythrocytic clusters and coexpression with Glycophorin A in the same cell further confirms the HCC transdifferentiation into erythrocytic cell fate change before enucleation and cell death of such cells.
Cell signalling plays a key role not only in cancer growth and metastasis but also any cell fate changes that may take place under hypoxia, as the aberrant blood supply often creates a hypoxic microenvironment Figure 13 . The expression of Glycophorin A and OCT4 is undetectable in normal and adjacent unaffected canine liver (a1-a3) but both these markers are co-expressed in a large proportion of the HCC livers in many regions. (b1)-(b3) and (c1)-(c3) represent two different regions of canine patient 2 while (d1-d3) represents HCC liver from canine patient 3. OCT4 transcription factor shows both nuclear and cytoplasmic expression in these regions of HCC livers (b2, c2 and d2). Scale bar = 100 mM.
within some areas of many tumours. The activation of multiple cell signalling pathways was observed in most HCC tumours in this study that could relate to multiple activities in such cells. VEGF and platelet-derived growth factor (PDGF) cell signalling was observed in most HCC tumours as VEGF is known to promote angiogenesis and both VEGF and PDGF cytokines are known to regulate the control of blood cell formation. 24 Angiogenesis in such regions, however, was not observed despite the detection of VEGF. Xue et al. 25 have also reported PDGF-BB to promote tumour growth, angiogenesis and extramedullary haemopoiesis at least in part through modulation of Epo activation. Hedgehog identified by Gli1/ptc1 activation and BMP signalling identified by Smad158/BMPR1 activation is also known to play multiple roles in tumour growth, stress erythropoiesis and erythroid differentiation. 26, 27 Despite the activation of multiple cell signalling pathways, Wnt signalling was one of the major cell signalling pathways activated in HCC tissues. A number of HCCs activating canonical Wnt signalling also showed the activation of Sulf1/Sulf2 enzymes that are usually undetectable in normal liver. 18 Canonical Wnt signalling was activated in most canine HCC tissues showing erythropoiesis in the present study as detected by the expression of Wnt2 ligand and nuclear b-catenin translocation. In addition to its role in tumour growth, canonical Wnt signalling thus could drive hepatoblast to erythroblast transdifferentiation in such HCCs. Both Sulf1 and Sulf2 have been shown to promote Wnt signalling [28] [29] [30] that further supports the transdifferentiation of hepatoblast to erythroblasts by Wnt signalling. In conclusion, immunocytochemical and mRNA analysis by RT PCR in this study demonstrates the transdifferentiation of hepatocytic cells into erythrocytes without the generation of blood vessels for circulation. It also shows that dysregulated cancer cell adaptation under stress does not benefit the tumour but imposes additional unsustainable metabolic demands to compensate for the loss of tumour cells in such regions. Further in vitro studies would determine if only specific cancer mutations or whether even some normal hepatocytes have the potential to transdifferentiate under hypoxia and the key signalling pathways that drive such changes in vivo.
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